The structural and functional design of metal nanoparticles has recently allowed remarkable progress in the development of high-performance catalysts. Gold nanoparticles (AuNPs) are among the most innovative catalysts, despite bulk Au metal being regarded as stable and inactive. The hybridization of metal NPs has attracted major interest in the field of advanced nanocatalysts, due to electro-mediated ligand effects. In practical terms, metal NPs need to be supported on a suitable matrix to avoid any undesirable aggregation; many researchers have reported the potential of polymer-supported AuNPs. However, the use of conventional polymer matrices make it difficult to take full advantage of the inherent properties of the metal NPs, since most of active NPs are imbedded inside the polymer support. This results in poor accessibility for the reactants. Herein, we report the topochemical synthesis of Au and palladium (Pd) bimetallic NPs over the surfaces of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-oxidized cellulose nanofibers (TOCNs), and their exceptional catalytic performance. Highly-dispersed AuPdNPs were successfully synthesized in situ on the crystal surfaces of TOCNs with a very high density of carboxylate groups. The AuPdNPs @ TOCN nanocomposites exhibit excellent catalytic
Mechanical and/or acid treatments have been studied to prepare dispersed nanofibers. However, only bundles of cellulose nanofibril fractions were obtained, which in some cases led to drastic decreases in both yield and fiber length [33] [34] [35] [36] [37] [38] [39] .
Recently, it has been reported that 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) catalyzes the selective oxidation of the C6 primary hydroxyl group of cellulose to a carboxylate, which is only present on the surfaces of each crystalline cellulose nanofibril under mild aqueous conditions [40] . This TEMPO-mediated oxidation can provide a new type of natural polymer assembly, i.e., individually-dispersed crystalline cellulose nanofibers with a high carboxylate density. These accumulate exclusively on their surfaces and act as anchor sites for metal NPs synthesis. The TEMPO-oxidized cellulose nanofibers (TOCNs) have unique physicochemical properties, such as high crystallinity (up to 95%), high stiffness (1.38 GPa), a low thermal-expansion coefficient (0.1 ppm K ) [41] [42] [43] [44] . Therefore, TOCNs are recognized for their suitability as matrices for metal NPs-shaped catalysts and their potential to overcome the disadvantages of polymer-type matrices. In our previous trial, AuNPs were successfully synthesized on TOCNs from tunicates, and the characteristic AuNPs exposed on the surface of the TOCNs made great contribution to the high catalytic performances observed [45] .
In the present study, we report the topochemical synthesis of AuPd-bimetallic NPs on TOCNs obtained from softwood cellulose, by exploiting the unique morphological and chemical properties of wood TOCNs. Highly-dispersed AuNPs, PdNPs and hybrid AuPdNPs form in high-density after selective reaction with the carboxylate groups on the TOCN surfaces. The obtained nanocomposites, AuNPs 
Results and Discussion

Structural Characteristics of Metal NPs
@ TOCN Nanocomposites
The topochemical syntheses of AuNPs, PdNPs and AuPd bimetallic NPs were carried out on a TOCN support in an aqueous sodium borohydride (NaBH 4 ) system. The TOCN surface possessed a high-density of carboxyl groups (0.96 mmol g −1 ) on the crystalline surfaces, which serve as anchor sites for metal NPs synthesis. Figure 1 shows the UV-vis absorption spectra for the AuNPs with and without TOCN. In both cases, clear surface plasmon resonance (SPR) bands at around 520 nm are observed. The SPR absorption occurs on the boundary surface of AuNPs having free electrons in the conduction band due to coherent vibrational oscillation of the surface free electrons induced by incident light of visible wavelength region. The mixture of TOCN and tetrachloroaurate (HAuCl 4 ) aq. immediately changed from colorless to reddish pink upon the addition NaBH 4 aq., suggesting the successful formation of AuNPs [46] . The characteristic color depends upon the size and the shape of the particles; the AuNPs @ TOCN composite showed a narrow SPR band at 508 nm, indicating the formation of small size of AuNPs. Conversely, TOCN-free AuNPs have a broad band shifted to longer wavelength, suggesting the aggregation of AuNPs [47] . The TOCNs were invisible in the TEM images since no staining with heavy metals such as osmium, lead, uranium or gold was applied to clearly recognize metal NPs on the TOCN supports. The AuNPs without TOCN are significantly larger (9.93 ± 2.66 nm) than those in AuNPs @ TOCN, and large distributions were also observed. This may reflect partial aggregation, as shown in Figure 3 (f). Thus, strong interactions between the metal precursor cations and the dissociated carboxyl groups on the crystalline surface of TOCNs make a contribution to the uniform and tight immobilization of the metal NPs on the TOCN supports. Figure 4 displays the HRTEM image of the nano-sized NPs of AuPdNPs @ TOCN (Au:Pd = 3:1) and the corresponding EDX spectrum. The electron density and the lattice spacing of one metal NP were differently observed, depending on the position; however the detailed identification was difficult. The EDX profile of the single metal NP indicates the existence of both Au and Pd components in one NP. Therefore, Au and Pd nanocomponents are in contact to form one NP [49] . Figure 5 illustrates the AFM image for AuPdNPs @ TOCN (Au:Pd = 3:1), and shows the surface morphology at a nanometer level. The height data of fibrous and granular matters were 1.8 ± 0.3 and 6.7 ± 0.7 nm, respectively, being in approximate agreement with the estimated ones of TOCN and AuPdNPs, although a certain degree of dry compression was found in the tapping-mode AFM analysis under ambient conditions. These particles may be metal NPs present on the surfaces of crystalline softwood TOCN; exposed, nano-dispersed metal NPs on the TOCN support were expected to enhance the catalytic activities. 
Catalytic Performance of Hybrid Metal NPs @ TOCN Composites
The catalytic efficiency of the as-designed metal NPs @ TOCNs for the reduction of 4-NP to 4-AP was tested in the presence of NaBH 4 . According to the literature protocol, the catalytic reduction rate is regarded as independent of the concentration of NaBH 4 [50] . Upon adding NaBH 4 to the 4-NP solution, the color of the solution changes from light yellow to dark yellow due to 4-nitrophenolate ion formation. The reaction progress was monitored using UV-vis spectrometry. Figure 6 shows the time-lapse UV-vis absorption spectra recorded throughout the catalytic reaction of 4-NP over AuNPs @ TOCN. The yellow color of the 4-nitrophenolate ion faded with time after the addition of AuNPs @ TOCN. The characteristic peak for 4-NP at 400 nm, assigned to the 4-nitrophenolate ion, gradually decreases; while a new peak at 300 nm, corresponding to 4-AP appears. The reaction was complete within 24 min at 25 °C. When TOCN-free AuNPs were used in the presence of NaBH 4 , a negligible change detected, indicating that the aggregated AuNPs, as shown in Figure 3(f) , have a poor catalytic activity. Figure 7 shows a linear correlation between ln(A t /A 0 ) and reaction time at 25 °C, where A t is the absorbance at the designated time and A 0 is the initial absorbance at t = 0. These results indicate that the catalytic reduction proceeds with pseudo-first-order behavior. The pseudo-first-order rate constant k at 25 °C for AuNPs @ TOCN, as calculated from the slope, was 2.6 × 10 . Therefore, the TOCN serves as a very effective catalyst support, and the exposed AuNPs dispersed over the crystalline surface of TOCN, as shown in Figure 5 , make a great contribution to the improved catalytic efficiency. Table 1 compares the turnover frequency (TOF) values for various polymer-supported AuNPs and AuNPs @ TOCN designed in this study. The AuNPs @ TOCN exhibits a significantly higher catalytic performance, ranging from 3 to ca. 1000 times higher, than those observed with conventional polymer-supported AuNPs. The as-reported polymer micelles, hydrogels and capsules inevitably distribute metal NPs inside the polymer layers, resulting in poor accessibility for the reactants to the active surfaces of metal NPs. Conversely, in the case of TOCN, active AuNPs are highly dispersed and exposed on the outer surface of the TOCN support, which enables an effective contact with the reactants. Therefore, AuNPs @ TOCN may demonstrate a much higher catalytic activity than conventional AuNPs-containing polymer matrices. 
Hybrid Effect of AuPdNPs @ TOCN Composites on Catalytic Efficiency
The catalytic behaviors of AuNPs ). Thus, PdNPs were inferior to AuNPs in the catalytic reduction of 4-NP. However, interesting phenomena were observed with regard to AuPdNPs @ TOCNs, with molar ratios of 3:1, 1:1 and 1:3 for Au:Pd; pseudo-first-order rate constants were 4.8 × 10 . These unique features may be attributed to ligand effects [12] . The proposed mechanism for the 4-NP reduction is as follows: (1) the adsorption of 4-nitrophenolate to the metal NP surfaces, which is the rate-determining step; (2) hydride transfer from the metal NPs (especially AuNPs) to the 4-nitrophenolate; and (3) the reduction of 4-NP to 4-AP [55] . Au is more electronegative than Pd, and thus some electronic polarization must occur at the interface between Au and Pd, which results in a favorable interaction between PdNPs and the 4-nitrophenolate species. This can accelerate the rate-determining step [56] . Such electronic ligand effects presumably enhance the apparent catalytic activity and efficiency for the 4-NP reduction. A one-pot, simultaneous reduction of Au and Pd precursor ions, in the presence of TOCN was effective for the structural and functional design of hybrid metal NPs, immobilized and exposed on TOCN supports. 
Experimental Section
Materials
Tetrachloroaurate hydrate (HAuCl 4 ·3H 2 O) was purchased from TANAKA Kikinzoku Kogyo, Co. Ltd., Tokyo, Japan. Tetraamminepalladium (II) chloride ([Pd(NH 3 ) 4 ]·Cl 2 ) and sodium borohydride (NaBH 4 ) were obtained from Wako Chemical Industry, Co. Ltd., Osaka, Japan. TOCN suspensions (1.0 wt%, COOH-0.96 mmol g -1 ) were provided by Nippon Paper Industries, Co. Ltd., Tokyo, Japan. The water used in this study was purified with a Milli-Q system (Millipore, Co. Ltd., Tokyo, Japan). Other chemicals were of reagent grade and used without further purification. 4 ]·Cl 2 (0.20 mM, 0.5 mL) was added to an aqueous suspension of TOCN (0.20 wt%, 2 mL) for a 3:1 Au:Pd bimetallic system. The total volumes of the Au and Pd solutions were kept to 2.0 mL, and the molar ratios were controlled by varying volume ratios. The mixture was stirred at 4 °C for 30 min, followed by the drop wise addition of NaBH 4 (6 mM, 2 mL). The reaction mixture was kept at 4 °C for 90 min with stirring, and the metal NPs @ TOCN composites were synthesized by reduction of the metal ion precursors. As a control, TOCN-free AuNPs were similarly synthesized without TOCN.
Preparation of Metal NPs
Characterization
UV-vis spectra were recorded using a UV-visible spectrophotometer (Hitachi, Ltd., Tokyo, Japan) with a scan range of 250-600 nm and an optical path length of 10 mm. Transmission electron microscopy (TEM) was performed using a JEM1010 instrument (JEOL, Ltd., Tokyo, Japan) at 80 kV. For TEM analysis, one drop (ca. 10 µL) of the metal NPs @ TOCN suspension was gently placed on a carbon-coated Cu grid, hydrophilized via plasma discharge, and dried at room temperature. High-resolution TEM (HRTEM) and energy dispersive X-ray spectrometry (EDS) images were obtained using a JEM2010 (JEOL, Ltd., Tokyo, Japan) at 200 kV. Atomic force microscopy (AFM) was performed under ambient conditions using a NanoScope IIIa AFM apparatus (Veeco Instrument, Inc., Plainview, NY, USA) in tapping mode. One drop (ca. 30 µL) of diluted metal NPs @ TOCN suspension was gently placed on mica, and then dried at room temperature for AFM imaging.
Catalytic Performance Test
The catalytic reduction of 4-NP (0.06 mM, 60 mL) was measured at 25 °C in the presence of NaBH 4 (0.72 mmol) as a hydrogen source. An aqueous dispersion of metal NPs-TOCN composite (300 μL, total metal content: 0.02 µmol) was added to the 4-NP solution. At intervals of 3 min, aliquots of the reaction mixture (1.0 mL) were filtered through a 0.2-μm membrane filter, and analyzed via UV-vis spectroscopy at room temperature. According to our previous report [45] , the turnover frequency for the 4-NP reduction was obtained from the variations in absorbance at 400 nm.
Conclusions
Bimetallic NPs composed of Au and Pd have been successfully synthesized on highly crystalline TOCN via high-densities of carboxylate on the surface in a facile one-pot reaction. AuPdNPs with varying molar ratios of Au and Pd were successfully immobilized and possibly exposed on the TOCN supports. The catalytic activity of AuNPs @ TOCN was much higher than the support-free AuNPs and previously reported AuNPs-polymer composites. Furthermore, tailoring the Au and Pd molar ratios had great influence on the catalytic activities for the reduction of 4-NP to 4-AP. In this study a molar ratio of 3:1 (Au:Pd) provided the best catalytic performance. These results suggest that the as-designed TOCN is a promising polymer-type support for metal NP catalysts. The TOCN matrix is easily obtained from a variety of native cellulose sources, and the immobilization of other metal NPs is also possible via a similar strategy. Thus, this novel synthesis approach for the design of hybrid metal NPs @ polymer supports, offers great potential for advanced catalytic applications.
